ABSTRACT Continuous deformation and entry flow of single blood granulocytes into small caliber micropipets at various suction pressures have been studied to determine an apparent viscosity for the cell contents and to estimate the extent that dissipation in a cortical layer adjacent to the cell surface contributes to the total viscous flow resistance. Experiments were carried out with a wide range of pipet sizes (2.0-7.5 ,um) and suction pressures (102_104 dyn/cm2) to examine the details of the entry flow. The results show that the outer cortex of the cell maintains a small persistent tension of -0.035 dyn/cm. The tension creates a threshold pressure below which the cell will not enter the pipet. The superficial plasma membrane of these cells appears to establish an upper limit to surface dilation which is reached after microscopic "ruffles" and "folds" have been pulled smooth. With Because of scatter in cell response, it was not possible to accurately establish the characteristic ratio for flow resistance in the cortex to that inside the cell; however, the data showed that the cortex does not contribute significantly to the total flow resistance.
cosity for the cell contents and to estimate the extent that dissipation in a cortical layer adjacent to the cell surface contributes to the total viscous flow resistance. Experiments were carried out with a wide range of pipet sizes (2.0-7.5 ,um) and suction pressures (102_104 dyn/cm2) to examine the details of the entry flow. The results show that the outer cortex of the cell maintains a small persistent tension of -0.035 dyn/cm. The tension creates a threshold pressure below which the cell will not enter the pipet. The superficial plasma membrane of these cells appears to establish an upper limit to surface dilation which is reached after microscopic "ruffles" and "folds" have been pulled smooth. With aspiration of cells by small pipets (<2.7 ,im), the limit to surface expansion was derived from the maximal extension of the cell into the pipet; final areas were measured to be 2.1 to 2.2 times the area of the initial spherical shape. For suctions in excess of a threshold, the response to constant pressure was continuous flow in proportion to excess pressure above the threshold with only a small nonlinearity over time until the cell completely entered the pipet (for pipet calibers >2.7 ,um). With a theoretical model introduced in a companion paper, (Yeung, A. , and E. Evans. 1989 . Biophys. J. 56:139-149) the entry flow response versus pipet size and suction pressure was analyzed to estimate the apparent viscosity of the cell interior and the ratio of cortical flow resistance to flow resistance from the cell interior. The apparent viscosity was found to depend strongly on Because of scatter in cell response, it was not possible to accurately establish the characteristic ratio for flow resistance in the cortex to that inside the cell; however, the data showed that the cortex does not contribute significantly to the total flow resistance.
INTRODUCTION
Micropipet aspiration (1) of passive blood granulocytes has shown that the response is continuous liquid-like flow for suction pressures in excess of a threshold. The aspirated projection of cells inside pipets at constant suction pressures of 102_1O4 dyn/cm2 increase linearly or slightly nonlinearly, but very slowly over time. In order to produce flow, suction must exceed threshold pressure levels on the order of 102 dyn/cm2. For pipet calibers larger than 2.7 ,gm, cells are totally aspirated after times that range from seconds to minutes in inverse proportion to the aspiration pressure. Flow of these cells into small pipets leads to extensions that are several fold larger than the undeformed cell diameter. If the suction pressure is lowered to the threshold value during an experiment, flow ceases; when the cell is released from the pipet, the cell slowly recovers its initial spherical form. The liquid-like response of granulocytes to constant suction pressures is also consistent with the nearly spherical geometries observed Address correspondence and reprint requests to E. Evans. for the cell segment exterior to the pipet during aspiration and the perfect spherical form of the passive cell after recovery from large deformations. Collectively, the observations indicate that the cell behaves like a highly viscous liquid drop with a persistent cortical tension. Furthermore, the viscous-liquid nature of the cell interior has been verified and quantitated with clever "magnetic depolarization" experiments (2). Continuous flow observed at moderate to high suction pressures is in contrast to the small quasi-static deformation observed close to the threshold pressure or for short pressure pulses which has been studied extensively by other investigators (3, 4) .
Mechanical response is only one factor to consider in the development of a material model for cell deformation. Biochemical and ultrastructural characteristics must also be considered. Here, evidence indicates that, in addition to the organellar constituents (e.g., nucleus, granules, etc.) inside the cell, there is a cortical layer adjacent to the cell plasma membrane which includes much of the con-tractile apparatus for phagocytes like granulocytes, monocytes, and macrophages (5) (6) (7) (8) . The contractile matrix is formed by polymerization of actin filaments through actin-binding proteins in association with myosin (8) removed and filtered for use in the experiment. We have found previously that plasma at concentrations greater than or equal to 10% mixed with the suspending buffer prevented adhesion of the granulocytes to the pipet wall (1) . Also, when the calcium concentration in the solution was at or above the value (-I0-' M) established by sodium citrate, passive deformation of granulocytes was found to be independent of calcium level whereas further reduction in calcium (as in EDTA or EGTA buffers) resulted in an increase in the threshold pressure for initiation of cell flow. Granulocytes were selected at random from the very low hematocrit samples in the microchamber with the use of a differential interference contrast optical system. Identification of granulocytes was based on the observation of small size, densely packed granules within the cell and (as best as could be detected) a lobulated nucleus. The sizes of granulocytes selected by this procedure fell into a narrow range of 8-9 gm in diameter.
Deformation tests on single granulocytes were performed by micropipet aspiration; the procedure involved three pipets: two pipets for separate entry tests and a third pipet to convey the granulocyte into position for rapid aspiration by one of the test pipets. Suction pressures in the test pipets ranged from 102 to 1 04 dyn/cm2. To begin the test, suction pressure in one pipet was increased until the cell projection inside the pipet would just exceed a pipet radius but without further flow. This provided a measure of the threshold pressure. Next, the pressure was increased by a step (in <0.1 s) to a constant multiple value of the threshold, held for a period sufficient to produce large projections inside the tube, and then returned to the initial value obtained for the threshold. Finally, the cell was released and allowed to recover its initial spherical shape before it was subjected to the next test with another pressure and/or the second test pipet of a different size. Progress of the experiment was recorded on video tape; video micrographs of a single cell response to the pipet suction history just described are shown in Fig.  1 . Data analysis for each test involved measurement of the cell segment dimension exterior to the pipet and projection length inside the pipet throughout the aspiration test. As noted in previous studies (1), occasionally cells became active during an aspriation test as evidenced by erratic length changes in the pipet or pseudopod formation on the exterior surface. Activation occurred late in an aspiration test or not at all; active cells were excluded from consideration in the data analysis.
Pipet sizes were chosen in a range from 2.0 to 7.5 ,m; pipet calibers were determined from the insertion depth of a microneedle that had been calibrated with the use of a scanning electron microscope. Pressures were recorded through continuous water manometer systems to sensitive digital pressure transducers with a resolution of a microatmosphere (dyn/cm2). Cell tests with one pipet were carried out over a range of temperatures from 100 to 37°C; multiple pipet tests on individual cells were performed only at room temperature (230C). Rp and RC are the radii of the suction pipet and the outer spherical segment of the cell, respectively. From the correlation shown in Fig. 2 , the average cortical tension for passive granulocytes was found to be Io = 0.035 dyn/cm. Cortical tension appears to account for the spherical shapes of liquid-like cells in suspension and for the driving force that leads to recovery after deformation.
When suction was increased above the threshold, cells flowed continuously into pipets to an extent determined by pipet caliber. With pipet calibers smaller than 2.7 ,tm, the fixed area of the superficial plasma membrane eventually limited the extent of aspiration when microscopic ruffles and folds were pulled smooth. Extension beyond this point required very large suction pressures and led to lysis after only a small displacement. with measured values for flow resistance. Fig. 7 presents the average flow resistance and standard deviation of all tests with a single pipet size versus the pipet radius to cell led by the excess radius ratio (from data given in Figs. 5 (12, 13) . In those studies as well as the measurements reported here, flow of single granulocytes in response to applied stresses exhibited a great deal of heterogeneity. Heterogeneity of granulocyte behavior in general appears to be a common feature of these cells (14) . The variability observed in flow resistance could be a major factor in the observed irregularities in granulocyte locomotion and phagocytosis.
As mentioned in the Introduction, a different rheological model has been developed by other investigators (3, 4) Fig. 4 . In addition, the viscoelastic-solid behavior predicts that the threshold pressure (required to keep the cell extended without flow) should increase with the length of the cell aspirated into the pipet; thus, when the suction pressure is returned to the initial level Pcr, the cell should recover to a length equal to the pipet radius. Again, this prediction is not consistent with the behavior observed in Fig. 4 . The unavoidable conclusion is that the parallel-elastic stiffness in the viscoelastic-solid model cannot represent the cell response for more than a shorttime period except when extensions into the pipet are less than one radius. On the other hand, the elastic stiffness in series with the viscous element leads to a slight Maxwelltype liquid response (a fading memory) which is clearly apparent in Fig. 4 (i.e., the small recoil when the suction pressure is returned to the threshold level after the period of flow). As shown in Fig. 4 mately by the ratio ro/(k1 R) -10 which appears to account for the different viscosity values obtained with each model. In summary, a Maxwell-liquid subject to a persistent cortical tension appears to be the most realistic model for entry-flow produced by pipet suction forces and for the force-free recovery after large deformation of passive granulocytes. When the fading elastic response (recoil) is small (as indicated in Fig. 4 after the pressure is returned to Pcr), then the behavior can be predicted by simple superposition of either an instantaneous length increment in response to a step-increase in pressure or an exponentially-decaying increment after a step-reduction in pressure. For such linear response, it has been shown (3) that the behavior can be derived simply from the entry flow rate of the pure liquid model multiplied by an appropriate history function which involves a characteristic decay time equal to ,g/k2. However, for continuous entry flow at constant suction pressure (>Pcr), the flow rate is determined only by viscosity for this level of approximation.
